We measured the resonance spectra of edge magnetoplasmon (EMP) oscillations in a two-dimensional (2D) electron system located on a liquid-helium surface below 1.1 K. Systematic measurements of the resonance frequency and the damping rate as a function of the lateral confinement electric field strength shows clear evidence of the oscillation mode transformation. A pronounced change corresponding to the mode transformation was observed in the damping rate. When 2D electrons are confined in a strong lateral electric field, the damping is weak. As the lateral confinement electric field is reduced below a certain threshold value, an abrupt enhancement of the damping rate is observed. We hypothesize that the weak damping mode in the strong lateral confinement electric field is the compressive density oscillation of the electrons near the edge (conventional EMP) and the strong damping mode in the weak confinement field is the coupled mode of conventional EMP and the boundary displacement wave (BDW). The observation of the strong damping in the BDW-EMP coupled mode is a manifestation of the nearly incompressible feature of strongly interacting classical electrons, which agrees with earlier theoretical predictions. PACS: 73.20.-r Electron states at surfaces and interfaces; 73.20.Mf Collective excitations (including excitons, polarons, plasmons and other charge-density excitations).
Introduction
In bound two-dimensional electron systems (2DESs) placed in a strong perpendicular magnetic field, electrons in the vicinity of the system edges play an important role in influencing the system's transport properties. For example, edge electronic states significantly contribute to the magnetotransport of a degenerate 2DES in the quantum Hall regime [1, 2] where the entire current is carried by edge electrons. An interesting application for spintronics devices proposes the use of edge electrons in graphene with zigzag edges, which support spin-dependent transport [3] .
In this light, the important discovery of collective excitation modes was made in a classical (non-degenerate) 2DES formed on a liquid-helium surface [4, 5] . The collective excitation is called an edge magnetoplasmons (EMPs), in which an oscillation of charge fluctuation localizes in a very narrow strip near the edge of a 2DES and the charge oscillation propagates along the perimeter. EMPs appear as the lower frequency branch of 2D magnetoplasmons, and the frequency decreases as the external perpendicular magnetic field is increased. Subsequently, EMPs were observed in a wide variety of 2DESs including degenerate 2DESs in semiconductor heterostructures [6] , 2DESs in nanostructures [7] , and in 2D ion systems trapped under a liquid-helium surface [8] . Taking advantage of the EMP property that the charge oscillation localizes near the edge, researchers have attempt to employ EMPs as sensitive probes to study the structure of edge electronic states and electronic transport along edge channels [9, 10] .
In EMPs, a deviation from the equilibrium electron distribution causes accumulation of charge in a narrow strip near the edge due to the Lorentz force acting on the electrons, and consequently, the EMP wave propagates along the perimeter [11, 12] . The conventional EMP theory assumes that the EMP is a compression wave of the electron density near the edge, while the boundary position is fixed. The conventional EMP theory fairly accurately describes the basic features of EMPs. It is understood that the EMP spectrum is gapless, and thus, an EMP is a candidate for the lowest energy excitation from the ground state. One of the specific characteristics of an EMP is that its frequency is inversely proportional to the applied magnetic field. Therefore, at a sufficiently large value of magnetic field, EMP resonance can be observed at frequencies of the order 10 kHz or less. Thus far, several types of EMP modes have been studied theoretically and experimentally [13] . Among the types of modes, there is one that propagates along the edges of an incompressible 2DES, and it is particularly observed in 2DESs in the quantum Hall states. In principle, an incompressible 2DES does not support the compression density wave. In such a case, the charge strip is induced by the displacement of the boundary from the equilibrium position while the uniform density distribution is maintained [14] . We call this mode as the boundary displacement wave (BDW). The 2DES formed on a liquid-helium surface is a classical non-degenerate 2DES, since the Fermi temperature 10 F T  mK corresponding to the typical areal electron density 12 10 n  m -2 is considerably lower than the working temperature of standard experimental conditions ( > 100 T mK). In general, a classical 2DES is not incompressible and the BDW is not responsible for the collective edge mode; however, it is predicted that the classical 2DES at low temperature can be nearly incompressible when the electron-electron Coulomb interaction energy dominates over the thermal kinetic energy of the electrons [13, 15] . In the present paper, we report our observation of a novel BDW mode in a classical 2DES formed on a liquid-helium surface. We show that our novel BDW mode is an in-phase coupled oscillation of the conventional EMP and the BDW (BDW-EMP coupled mode, ), + ω theoretically predicted by Monarkha [13, 15] . Experimental observation of BDW-EMP coupled mode has been reported as a small resonance peak whose frequency is slightly downshifted from the large resonance peak of a conventional EMP. The amount of the frequency shift in Ref. 16 was in reasonable agreement with theoretical calculation, and thus, the observed mode was identified as the out-of-phase coupled mode of the BDW-EMP ( ).
− ω
In order to confirm that the BDW-EMP coupled mode reflects the nearly incompressible feature of a classical 2DES, it is crucial to measure the damping rate of the resonance. The energy dissipation of the electron motion is determined by electron collision with the quanta of the capillary wave (ripplon) in the superfluidhelium surface. If the 2DES is nearly incompressible, electrons located in the deep interiors from the edge are in motion, and ripplon scattering of these electrons contributes to the dissipation. On the other hand, in the case of the compression wave of a conventional EMP, only the electrons within the narrow strip near the edge are responsible for the damping [13, 15] . In the present work, we were able to transform the conventional EMP into the BDW-EMP coupled mode by lowering the strength of the electric field for lateral confinement. A pronounced increase was seen in the damping rate. We measured the enhanced damping rates of BDW-EMP coupled mode. Our results provide clear evidence of the nearly incompressible feature of the classical 2D Coulomb system. This paper is organized as follows: In Sec. 2, a quick overview of EMPs is provided. In Sec. 3, we present our experimental techniques of EMP resonance and signal analysis. In Sec. 4, the experimental results concerning the enhanced damping rate are presented. In Sec. 5, we present our hypothesis that the oscillation mode with the enhanced damping rate is the BDW-EMP coupled ω + mode, and that the incompressible motion of the 2DES is responsible for the damping rate enhancement.
Overview of edge excitation modes
In this section, we provide a quick overview of EMPs. Owing to the characteristic properties listed below, EMPs have been extensively studied for various 2DESs both experimentally and theoretically. In the course of such studies several types of EMPs have been observed, such as the acoustic mode, boundary displacement wave (BDW), and the BDW-EMP coupled mode. These modes differ in their manner of charge oscillation; however, they have the following main characteristic properties in common: EMPs are gapless, i.e., ln | 
Conventional EMP
Let us suppose that a charge fluctuation occurs in a 2DES. In applying a strong normal magnetic field, due to the Lorentz force, electrons move perpendicular to the electric field. In a bounded system, the charge fluctuation accumulates in a narrow strip near the edge and move only within the strip. A conventional EMP is a collective oscillation of electron density that propagates along the edges of a 2DES [4, 5] . The conventional EMP theories of Volkov and Mikhailov [11, 17] and Fetter [12, 18, 19] 
We denote the frequency of conventional EMP as EMP ω hereafter. Here, ε denotes the dielectric constant of the substrate; for the case of 2DES on liquid helium, (n is the electron density at the center of the sample). The parameter f C denotes a geometrical constant.
Acoustic modes
In the theories of conventional EMPs, the equilibrium density profile near the edge is regarded as the stepfunction-shaped. In actual systems, the electron density falls off from 0 n to 0 at the edge with a characteristic length .
w The step-function approximation holds as long as . b w  For the case of a 2DES on a liquid-helium surface, standard experiments involve a pair of parallel metalplate pressing electrodes above and below the surface. The pressing electrodes screen the electric field that is generated in the 2DES. The screening length d is approximately the same as the distance between the 2DES and the pressing electrode, typically 1  mm. Therefore, the oscillating EMP electric field does not penetrate deep within the 2DES over the distance d so that the length b may be of the same order as d. Likewise, the length scale w is of the same order as d. Hence, for a 2DES on a liquid-helium surface, .
In such a situation, the step-function approximation becomes inaccurate and a more realistic equilibrium density profile is needed to account for the resulting profile. Nazin and Shikin [20] considered EMPs in a 2DES with a smooth equilibrium density profile near the edge, and they discovered a number of possible novel acoustic modes. In the acoustic mode, the charge density oscillates in the direction perpendicular to the edge, as well as in the direction along the edge. The spectrum of the acoustic mode changes according to the applied magnetic field. In weak magnetic fields, the frequency of the acoustic mode is calculated [20] to be proportional to , B and in strong magnetic fields, it is proportional to 1/B as in the case of a conventional EMP [21] . The acoustic mode has been experimentally identified by Kirichek et al. [22] . Compared with the conventional EMP, a considerably smaller amplitude is expected to be observed in the acoustic mode, because of the screening effect by the alternating charge perpendicular to the edge [21] .
Boundary-displacement-wave (BDW) modes
In the theories of the conventional EMP and the acoustic modes, it is assumed that the 2DES is a compressible Coulomb liquid. But in fact, EMP waves have been experimentally observed in incompressible 2DESs under the conditions of the quantum Hall effect [23] . By nature, the electron liquids in the quantum Hall regime are incompressible because of the presence of the excitation gap from the ground state. In the EMPs of incompressible 2DESs, charge fluctuation occurs as the boundary position displacement instead of the charge density fluctuation [14] . Hence, the edge wave that propagates in this manner is termed the boundary displacement wave. Although the origin of the charge fluctuation is different in the BDW from the conventional EMP, the restoring force for both modes is the Lorentz force acting on the electrons. Therefore, the BDW provides practically the same spectrum as the conventional EMP. Hence, from an experimental point of view, it is very difficult to distinguish a BDW from a conventional EMP by frequency measurement.
Intuitively, since classical electron liquids are in principle compressive, a BDW is not related in any way to the edge wave in a classical 2DES formed on a liquid-helium surface. However, it has been reported that the 2DES on liquid helium can be nearly incompressible at low temperatures, and the occurrence of a type of EMP mode along with boundary position motion is possible [15, 16, 24] . The theory predicts that when the Coulomb interaction energy between electrons dominates over the thermal kinetic energy, the strong repulsion force keeps the electrons apart and the 2DES can be nearly incompressible. In such a case, since the frequency of a BDW is close to that of a conventional EMP, these two modes can couple, thereby resulting in two novel modes: the in-phase and the out-of-phase BDW-EMP coupled modes, ω + and -ω modes, respectively. The spectra of the BDW-EMP coupled modes are calculated as = ,
where γ ± denote dimensionless geometrical factors. The frequency ω + ( ) − ω appears at a slightly higher (lower) frequency value than that of the conventional EMP. In fact, the BDW-EMP coupled mode was experimentally identified by Kirichek et al. [16] . In the experiment, the authors of Ref. 16 observed small resonance peaks that were slightly downshifted to the lower frequency region apart from the main resonance peaks corresponding to conventional EMPs. The measured frequencies were in good agreement with the − ω values given by Eq. (3). The resonance amplitude of the out-of-phase BDW-EMP coupled oscillation should be small compared with that of the conventional EMP for the same reason that the amplitude of the acoustic mode is small [24] . The small observed amplitude of − ω also agrees with this qualitative picture.
A more significant difference between BDWs (including the BDW-EMP coupled modes) and conventional EMPs is expected to be observed in terms of the damping rate than in the frequency [15, 24] . The number of electrons involved in the oscillation motion is large in BDWs because the incompressible motion of electrons penetrates deep towards the interior from the edge over the distance where the electric field fluctuation penetrates (screening length). The penetration depth of the incompressible electron motion is 1 , q − in a similar manner to the fluid motion in gravity waves of water. On the other hand, in conventional EMPs, the electrons in motion are confined to the narrow charge strip in the vicinity of the edge. Therefore, the energy dissipation via the electron-ripplon collision and consequently the damping rate must be enhanced. The damping rate enhancement arising from the incompressible motion of a 2DES has not thus far been observed.
Discussion on incompressible motion
Among the two BDW-EMP coupled modes, the ω + mode has not been experimentally identified. There is a suggestion that in the EMP resonance experiment of 2D 4 He + ion pool trapped below a liquid-helium surface [25, 26] , the observed "extra satellites of unknown origin" may be the ω + mode [24] . In this respect, there is an argument about whether or not the BDW-EMP coupled mode with incompressible motion exists in classical 2D Coulomb systems. The author of Ref. 24 suggests that the higher shifted frequency of the satellites from the conventional EMP frequency may correspond to .
+ ω Against this suggestion, an argument was presented [26, 27] based on an analysis comparing the amplitudes of electric field perturbation arising from boundary displacement and electron density compression. However, this analysis is questionable [24] in terms of the treatment of electron pressure.
The origin of the satellite mode is unclear, and the controversy over the incompressible motion is still unresolved. In order to clarify the nature of incompressible 2DES motion in classical 2D Coulomb systems, measurement of the enhanced damping rate in the BDW-EMP coupled mode is required.
Experiment

Sample cell
In order to study the nearly incompressible feature of a classical 2DES formed on liquid helium arising from strong electron-electron interaction, we designed our experiment in a manner that allows us to transform the conventional EMP into the BDW-EMP coupled mode and measure the difference in the damping rate.
Our sample cell is made of ordinary copper, and it is attached to the mixing chamber of a dilution refrigerator. We ensured that the cell was perfectly horizontally mounted. High purity (> 99.99995 %) 4 He gas is condensed in the sample cell. The liquid surface level in the sample cell is carefully aligned with the center of a 6 T superconducting solenoid. The sample gas is filled from a room-temperature gas cylinder through a 0.7-mm-inner-diameter Cu-Ni filling tube. During the filling process, the sample cell temperature is maintained below 1 K, for which temperature the vapor pressure of 4 He is sufficiently low, in order to avoid shift in the liquid level by residual gas condensation on further cooling. Figure 1 shows the structure of the sample cell. The liquid-helium depth in the sample cell is precisely measured from the capacitance between the top and bottom electrodes. The top and bottom electrodes are circular in shape, 25 mm in diameter, and 3 mm apart. All data presented in this paper were measured under the condition that the depth d from the bottom electrode was constant at 1.6 mm. The tungsten filament attached to the upper electrode is an electron source. The electrons emitted from the filament accumulate on the liquid-helium surface. The filament is made from a tiny light bulb from which the glass cover is removed. The typical operating condition to charge the surface is 0.6 V/10 mA with a duration of 1 s. To charge the surface, it is necessary to slow down the energetic thermoelectrons on the path from the filament to the sur- The curves shown in Fig. 2 are the numerically calculated electron density distributions ( ), n r where r denotes the radial coordinate, for our sample cell geometry and applied electrode potentials. The electron density distribution is uniform in the interior and falls off near the edge. We define e R as the 2DES radius at which ( ) n r drops to zero. The density distribution curves are calculated under the boundary conditions of realistic experimental parameters: = 10 G V − V (small radius) and 0 V (large radius), respectively, for a given dc V = 74 V, and the total number of electrons e N = 9 1.16 10 , ⋅ and these are conditions corresponding to the resonance spectra shown in Fig. 4 . As the lateral confinement field is decreased, the 2DES expands, and, therefore, e R increases and the central density 0 n becomes small. For a given surface electron density , n Gauss's law determines the potential e V of the 2DES. In this work, all measurements were carried out under unsaturated electron densities, i.e., > 0 e V V. The electrons are confined without loss as long as > .
e G V V
EMP resonance technique
We employed the standard frequency sweep continuous-wave EMP resonance technique in our experiment [29] . The EMP signals are measured via the capacitive coupling between the 2DES and the bottom electrode [30] . The bottom electrode is divided into five segments by using 0.1 mm spacings, as illustrated in Fig. 3 f Resonance occurs when the 2DES perimeter is an integer multiple of the EMP wavelength. Too high a driving voltage sets off a nonlinear transport of 2DES, as reported by Monarkha et al. [31] . We varied the driving voltage and determined a value such that the EMP signals behaved well in the linear transport regime. 
Oscillation mode transformation of edge magnetoplasmons in two-dimensional electron system
We systematically investigated the influence of the G V variation on the EMP spectra. As mentioned previously, G V determines the strength of the lateral confinement electric field. When comparing a conventional EMP and a BDW (or the BDW-EMP coupled mode), it is easy to assume that the BDW is favored in weak lateral confinement conditions because the energy cost for the boundary displacement against the confining electric field can be low. During a series of measurements, we carefully maintained constant the values of , T , B and the total number of electrons .
e N Since maintaining e N constant is of prime importance in this work, we carefully checked the reproducibility of the spectra. Fig. 4 , the fitting results reproduce the spectra well.
Signal analysis
A frequency shift to the lower side is observed in the weak confinement spectrum (green squares in Fig. 4 ). This shift can be intuitively understood as the consequence of the enlarged 2DES edge perimeter, corresponding to an increase in the wavelength in the weak lateral confinement electric field. The resonance peak amplitudes of the weak confinement spectrum in Fig. 4 appear to be suppressed compared with those of the strong confinement spectrum. However, this suppression is due to the external circuit impedance factor in Eq. (4). The impedance increases with increasing ω within our frequency range of interest. It should be emphasized that there is no significant difference in the intrinsic amplitude of the numerator of Eq. (4), regardless of variation in the values of G V . Figure 5 shows the G V dependence of (a) the resonance frequency, (b) the damping rate , γ and (c) the Q-value ( / ) f γ for the first resonance peaks. Since the behavior of the second peak is essentially the same as that of the first peak, only the first-peak results are shown.
Results and analysis
The most striking behavior is observed in the damping rate shown in Fig. 5(b) . In the course of decreasing | |, G V − V. We define the region boundaries as the point at which the damping rate is minimum (I-II boundary) and the point at which the frequency curve shows the kink (II-III boundary). We hypothesize that an oscillation mode transformation occurs from region I to III across the intermediate region II. Decrease in the lateral confinement electric field results in an expansion of the 2DES and thus, the 2DES edge approaches the guard ring electrode. If the top of the guard ring electrode is positioned upright, as shown in Fig. 1 , above the surface, the influence of the surface deformation of the meniscus will also need to be considered. In order to examine the influence of the surface deformation, we compared the EMP spectra using two types of guard ring: one was upright (half-immersed in the liquid) and the other was completely immersed in the liquid helium, thereby ensuring the liquid surface was flat. The oscillation mode transformation was observed in both configurations, and therefore, the meniscus is not a factor in our experiment.
Discussion
Let us consider the oscillation mode in region I. Since the electrons are strongly confined in the lateral direction, it is reasonable to assume the occurrence of a conventional EMP. The curves in Figs. 5(a) and (b) indicate the calculated values of the conventional EMP. We used the Eqs. (1) and (2) for our calculations. We see that the Volkov and Mikhailov [11, 17] equations well reproduce the experimental results for region I. In the calculation, we arbitrarily assumed b as the distance from e R to the radius where ( ) n r rises up to 50% of the central density 0 .
n This assumption is justified for the following reason: The top and bottom pressing electrodes screen the oscillating electric field of the charge strip with a screening length , d which is the distance between the 2DES and the bottom electrode, and the width of the charge strip b is estimated to be of the same order as . Fig. 6 , the behavior of our obtained xx σ curve is in good agreement with the result of an earlier experiment [31] . Therefore, the oscillation mode of region I can be regarded as corresponding to the conventional EMP. We note that the xx σ of 2DES on liquid helium at low temperatures is known to be not fully described within the simple Drude model and it requires more sophisticated theory [31] . Taking that into account, the coincidence of the scaling factor of 2.4 could be accidental.
The oscillation mode of the weak-lateral-confinement region III is expected to be the BDW. The enhanced damping rate agrees with the qualitative prediction in the study by Monarkha [13] , in which it is pointed out that the incompressible electron motion of the BDW penetrates deep within the interior of the 2DES beyond the screening length where electric field perturbation is absent; this penetration results in a strong damping, while the electron motion in the conventional EMP is confined within the screening length. Since the 2DES on helium in practice remains compressible, the BDW couples with the conventional EMP in strong magnetic fields [15, 16] . The wave that we considered as the BDW would consequently correspond to the BDW-EMP coupled mode. 
Oscillation mode transformation of edge magnetoplasmons in two-dimensional electron system
The BDW-EMP coupled mode was first observed by Kirichek et al. [16] . Upon comparison of our results with the resonance signals obtained in Ref. 16 , there are both similarities and differences. The appearance of the BDW-EMP coupled mode in Ref. 16 is characterized by separate small resonance peaks in the lower frequency domain away from the conventional EMP main peaks. The frequency is proportional to 1/ , B in the same manner as that of the conventional EMP. The coupled mode was observed only at < 0.9 T K, where the damping is sufficiently small; however, the damping rate was not measured quantitatively. The above-mentioned observations were successfully explained by the out-of-phase BDW-EMP coupling (the − ω mode) [15, 16] . Similarly, our resonance frequency in region III varies as 1/B (Fig. 7(a) ) and the oscillation mode transformation is clear at < 0.9 T K (Fig. 8) . At higher temperatures, it becomes difficult to recognize the change in the damping rate.
Our resonances in region III shows some differences. We observed the BDW as a single resonance peak, in contrast to the separate peaks observed in Ref. 16 . This indicates that the oscillation mode in our case transforms from the conventional EMP of region I into the BDW-EMP coupled mode of region III depending on the lateral confining electric field. When compared with the conventional EMP, in our case, the frequency is higher and the amplitude is of the same order. The comparison of our results and the reported behavior of − ω [16] is summarized in Table 1 . Upon evaluating these observations together, along with the enhanced damping rate, we conclude that the oscillation mode in region III is consistent with the in-phase BDW-EMP coupled mode (the ω + mode) [15] . Our identification of the ω + mode is further confirmed from the dependence of the frequency on the magnetic field ( Fig. 7(a) ), central density ( Fig. 7(b) ), and temperature ( Fig. 7(c) ). All our observations from Fig. 7 are consistent with the behavior expressed by Eq. (3); ω + is proportional to 0 / n B and independent of temperature. The observation of the ω + mode has not yet been confirmed. There has been a speculation that the "satellite mode" in Ref. 15 observed in a 2D ion pool trapped below a liquid-helium surface may be the ω + mode [13, 15] ; however, the speculation is still controversial [26, 27] and the origin of the satellite mode is still unclear.
Our observation of the enhanced damping rate supports the hypothesis by Monarkha [13, 15] . The electron correlation of classical electron liquids becomes strong for high densities, in contrast to quantum electron liquids that tend to behave as an ideal Fermi gas in the high density limit. To examine the relationship between the incompressibility and electron correlation, we measured the region boundaries of the oscillation modes at various electron densities. From the G V values for the measured region boundaries, we calculated the central electron density 0 n and the average lateral confining electric field G E at the outer proximity of the 2DES for the equilibrium conditions.
The field G E was calculated as follows [32] . For a given G V value, we solved the electrostatic equation for the potential ( ) r φ of the helium surface level under appropriate boundary conditions. For a small distance r ∆ outside the edge, we define G E as the average gradient of ( ): r φ ( ) ( ) = . 
We assumed = 20 r ∆ µm for the sake of numerical precision. At equilibrium, the expanding force of Coulomb repulsion within the 2DES and the confining force caused by the guard electrode field acting on the electrons at the edge are balanced so that = 0 G E for 0 r ∆ → [13] . The G E value obtained for a finite r ∆ value provides a measure of the strength of lateral confinement. Figure 9 shows the G E values at the mode transformations as a function of 0 .
n The filled circles and triangles represent the experimentally obtained boundaries of regions I-II and II-III, respectively, and the lines show the linear fit of these values. These values were measured using the half-immersed guard ring configuration. The results for the I-II boundary region for the completely immersed guard ring configuration are also plotted (open circles). It can be observed that the lines dividing the oscillationmode regions are independent of the sample cell geometry, thereby indicating that the curves in Fig. 9 indicate the universality of the oscillation mode for given values of 0 n and .
G E
The appearance of the BDW in the strong confinement regime at high densities suggests that the strong electron correlation gives rise to the incompressibility of the classical 2DES.
Our results can be explained by the following simple analysis. The compressibility κ is related to the density n and the chemical potential ( ) n µ by the relation 
Conclusion
In summary, we obtained clear evidence of an oscillation mode transformation from the conventional EMP into the BDW-EMP coupled mode in a classical 2DES formed on the surface of liquid helium. The latter mode appears when the strength of the lateral confinement electric field is weak. The behavior the BDW-EMP coupled mode is consistent with the theoretical prediction of the in-phase coupled mode ( + ω mode) [15] . The coupling of the EMP with the BDW enhances the damping of the oscillation, thereby indicating the incompressibility arising from the strong correlation in the classical Coulomb liquid. 
